Carboxyl groups and carboxylate anions are widely present in proteins, both as part of the side chain of amino acids glutamic and aspartic acid and as C-terminal groups. Under physiological conditions, the carboxyl groups are usually deprotonated, but in specific microenvironments, they can still be found in protonated form.^[@ref1]−[@ref4]^ The side chain carboxyl groups of aspartic acid and glutamic acid residues are essential for enzymatic catalysis, protein folding,^[@ref5],[@ref6]^ proton conduction in protein nanochannels,^[@ref7],[@ref8]^ and gating of pH-sensing ion channels.^[@ref9],[@ref10]^

For simple carboxylic acids (formic, acetic, and propionic acid) dissolved in rare-gas matrices under cryogenic conditions, the carboxyl group can adopt two distinctly different conformations with a planar structure.^[@ref11]−[@ref13]^ In the so-called syn conformer, the hydroxyl group is at an angle of ∼60° with respect to the carbonyl group, while in the so-called anti conformer the hydroxyl group is oriented antiparallel to the carboxyl group. Recently, we showed for formic acid that distinct long-lived syn and anti carboxyl conformers exist also in aqueous solutions at room temperature, with relative abundances of 70--80% and 20--30%, respectively.^[@ref14]^

The conformational isomerism of carboxyl groups in molecules that are more complex than propionic acid has not been studied yet.^[@ref15]^ The potential presence of the anti conformer is often neglected, especially in X-ray diffraction studies in which proton positions cannot be determined accurately. As a consequence, only 2% of the carboxyl groups found in the Cambridge Structural Database are depicted in an anti conformation.^[@ref16]^ Nevertheless, the presence of side chain COOH groups of aspartic and glutamic acid residues in an anti conformation is expected to play an important role in enzymatic reactions and polypeptide structure stabilization.^[@ref16]−[@ref23]^

Here we use polarization-resolved two-dimensional infrared (2DIR) spectroscopy and molecular dynamics simulations to study the conformational isomerism of the side chain carboxyl group of *N*-acetyl aspartic acid amide ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), as a model for the aspartic acid residue. In the 2DIR experiments, we measure the response of the hydroxyl vibration upon the excitation of the carbonyl vibration of the same carboxyl group. The polarization dependence of this signal provides unique information on the molecular geometry of the carboxyl group. We observe two distinct conformations of the carboxyl group with different orientations of the hydroxyl group with respect to the carbonyl group. We also determine the fractions of the two conformers in dimethyl sulfoxide (DMSO) solution and in aqueous solution. Finally, we use molecular dynamics simulations to explain the structures and relative abundances of the two conformers from their intermolecular interactions with the solvent molecules.

![Syn and anti conformers of *N*-acetyl aspartic acid amide. Red and blue arrows indicate the transition dipole moments of the carbonyl and hydroxyl vibrations, respectively.](jz0c00711_0001){#fig1}

First, we measure the 2DIR spectra of *N*-acetyl aspartic acid amide in DMSO solution (0.4 M) obtained by exciting the carbonyl stretch vibration and probing the hydroxyl stretch vibration ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The good solubility of this amino acid in DMSO and the absence of solvent absorption bands in the spectral regions of the carbonyl and hydroxyl groups allow for an accurate measurement of the 2DIR cross-peak signals of these two groups. The carbonyl vibration has an absorption band centered at 1720--1730 cm^--1^. Upon excitation of this vibration, cross-peak signals appear at 2500--2800 cm^--1^ resulting from the excitation-induced frequency shift of the hydroxyl vibration.^[@ref14]^ In the probed frequency region 2500--2800 cm^--1^, this shift results in a negative absorption change (colored in blue). The cross-peak signal has the form of a series of subbands, which is typical for OH-stretch vibrations of strongly hydrogen bonded systems, and results from the strong coupling of the OH-stretch vibration to the low-frequency vibrations of the hydrogen bonds.^[@ref24],[@ref25]^ These subbands are also observed in the linear infrared absorption spectrum of the hydroxyl vibration ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00711/suppl_file/jz0c00711_si_001.pdf)).

![(a) 2DIR spectra of *N*-acetyl aspartic acid amide in DMSO solution in the C=O/O--H cross-peak region measured in parallel and perpendicular polarization configuration at a time delay *T*~w~ = 0.5 ps. The green and the orange bars highlight the responses of the syn and anti conformers, respectively. (b) Parallel (solid) and perpendicular (dashed) transient absorption signals obtained by integrating the corresponding 2DIR signal over the probe frequency in the range between 2500 and 2750 cm^--1^. The green and the orange colors indicate, respectively, the vibrational responses of the syn and anti conformers. The gray dashed line represents the correction for the isotropic background (see [Methods](#sec2){ref-type="other"} section).](jz0c00711_0002){#fig2}

The amplitude of the cross-peak signal is observed to depend on the excitation frequency and the polarization configuration. Excitation of the low-frequency part of the carbonyl vibration (∼1720 cm^--1^) results in a stronger hydroxyl cross-peak signal in perpendicular polarization, whereas excitation of the high frequency part of the carbonyl peak (∼1745 cm^--1^) yields a cross-peak signal that is more pronounced in parallel polarization.

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, we show the 2DIR signals in parallel and perpendicular polarizations integrated over probe frequency range 2500--2750 cm^--1^ as a function of the carbonyl excitation frequency. We fit this integrated cross-peak signal with two Gaussian-shaped bands. For each band, we calculate the anisotropy, , where Δα~par~ and Δα~per~ are the transient absorption changes (cross-peak signals) measured in parallel and in perpendicular polarization configuration, respectively. The anisotropy represents the relative orientation of the hydroxyl transition dipole moment with respect to the carbonyl transition dipole moment and can be used to calculate the angle between the carbonyl and the hydroxyl groups following .

We find that the cross-peak of the higher carbonyl vibration has a positive anisotropy of approximately 0.2 (35°) and the lower carbonyl peak has a negative anisotropy of approximately −0.2 (90°). These anisotropy values clearly indicate that the two carboxyl group species comprise distinctly different relative orientations of the O--H group and C=O group. Based on the found angles, we assign the cross-peak signal with positive anisotropy and a high frequency of the carbonyl vibration to the anti conformer and the cross-peak signal with a negative anisotropy and a low frequency of the carbonyl vibration to the syn conformer. This result demonstrates that the carboxyl group shows distinct syn and anti conformers, not only for simple carboxylic acids but also for more complex molecules like amino acids. We observe these distinct conformers also for the terminal carboxyl groups of other amino acids in DMSO solution ([Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00711/suppl_file/jz0c00711_si_001.pdf)).

The obtained angles between the carbonyl and hydroxyl groups differ from the ideal values of 0° (for a perfect in-plane anti parallel configuration) and 60° (for an in-plane syn configuration). Similar deviations have been observed for formic acid in DMSO solution.^[@ref14]^ These deviations can be explained from the fact that the extracted anisotropy values can be affected by out-of-plane rotations of the O--H or C=O group. Such a rotational distortion can explain an increase of the ideal angle of the anti configuration from 0° to 35° and an increase of the ideal angle of the syn configuration from 60° to ∼90°. Analysis of the Cambrige Structural Database shows that the O--C--O--H dihedral angle can deviate by 10--30° from the ideal value for both the syn and anti conformers.^[@ref26]^ In addition, the anisotropy values may be affected by fast inertial (librational) motion of the O--H bond, which leads to an ultrafast or even pulse-width limited partial decrease of anisotropy.^[@ref27]^

To mimic the properties of aspartic acid residues under biological conditions, we study the conformational isomerism of *N*-acetyl aspartic acid amide in aqueous solution. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, we show 2DIR spectra of *N*-acetyl aspartic acid amide dissolved in water, obtained by exciting the carbonyl vibration at ∼1730 cm^--1^ and probing the O--H stretching vibration at ∼2700 cm^--1^. For this solution, a strong absorption band of the solvent, that is, the water HOH-bending vibration, overlaps with the carbonyl band of the acid. Therefore, to increase the contrast between the carbonyl and the water absorption and to obtain a significant carbonyl--hydroxyl cross-peak signal, we used a 1 M aqueous solution of *N*-acetyl aspartic acid amide. The cross-peak signals that we observe in parallel and perpendicular polarization configurations for this solution are qualitatively the same as those measured for *N*-acetyl aspartic acid amide dissolved in DMSO. Again we observe a stronger cross-peak signal in perpendicular polarization at a low excitation frequency of 1725 cm^--1^ of the carbonyl vibration. At this excitation frequency, we extract an anisotropy of approximately −0.1, from which we derive an angle between the O--H and C=O groups of ∼65°. In parallel polarization, we observe a stronger cross-peak signal at a relatively high frequency of the carbonyl vibration. We find that in parallel polarization the maximum of the cross-peak intensity is at 1745 cm^--1^. At this excitation frequency, we extract an anisotropy of ∼0.25, corresponding to an angle between O--H and carbonyl of ∼30°.

![Cross-peak 2DIR spectra of *N*-acetyl aspartic acid amide in aqueous solution in the C=O/O--H cross-peak region measured in perpendicular and parallel polarization configuration at *T*~w~ = 0.3 ps. The green and the orange bars highlight the responses of the syn and anti conformers, respectively.](jz0c00711_0003){#fig3}

In order to quantify the populations of the anti and syn conformers, we also measured degenerate 2DIR spectra, in which the carbonyl vibrations are both excited and probed. The 2DIR signal is proportional to the concentration and the square of the vibrational cross-section, whereas the linear IR absorption scales with the concentration and the vibrational cross-section. Hence, from the combination of the degenerate 2DIR spectrum and the linear IR absorption spectrum we can determine the ratio of the vibrational cross sections and the relative concentrations of the two carboxylic acid conformers. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the 2DIR spectrum of *N*-acetyl aspartic acid amide in aqueous solution at a concentration of 1 M. Because of the low cross-section of the water bending vibration and its fast relaxation dynamics, its impact to the 2DIR signal at delay time 0.3 ps is negligible.^[@ref28]^ As we can observe, the diagonal peak is centered at 1725 cm^--1^ and is elongated at the high frequency side.

![(a) Isotropic degenerate 2DIR spectrum of a solution of 1 M *N*-acetyl aspartic acid amide in water, measured at *T*~w~ = 0.3 ps. (b) Transient absorption signal obtained by taking the diagonal slice of the bleach signal of the 2DIR spectrum plotted as a function of pump frequency. The green and orange colored bands represent the 2DIR signals of the syn and anti conformers obtained from a fit of the measured spectrum with Voigt profiles.](jz0c00711_0004){#fig4}

In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, we plot a diagonal cut (probe = pump frequency) of the degenerate 2DIR spectrum as a function of the pump frequency. The resulting transient absorption spectrum shows a peak centered at 1725 cm^--1^ and a shoulder around 1745 cm^--1^. These two vibrational frequencies match with the excitation frequencies found in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for the syn and anti conformers. We fit the 2DIR signal with two Voigt profiles, representing the carbonyl stretching vibrations of the syn and anti conformers. A third Voigt-shaped band centered at 1680 cm^--1^ was added to account for the contribution of the amide vibration (gray line). We applied the same fitting procedure to the diagonal negative absorption change of the degenerate 2DIR spectrum and linear infrared spectrum of *N*-acetyl aspartic acid amide in DMSO and found similar areas for the absorption bands of the syn and anti conformers ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00711/suppl_file/jz0c00711_si_001.pdf)). This finding implies that the vibrational cross sections of syn and anti carbonyls are similar (as it was found before^[@ref14]^). It thus follows that the areas of the bands directly represent the relative abundances of the two conformers. We thus find the populations of the syn and anti conformers to be 75 ± 10% and 25 ± 10%, respectively. These populations are similar to those found for formic acid in water.^[@ref14]^ Hence, we conclude that the relative abundances of syn and anti conformers of carboxyl groups in polar solvents such as DMSO or water depend only weakly on the rest of the molecule.

We do not observe any cross-peak signals between the two carbonyl vibrations (exciting the anti carbonyl and probing the syn carbonyl or vice versa, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00711/suppl_file/jz0c00711_si_001.pdf)). This observation indicates that within the time frame of our experiment (∼5 ps) the conformers do not exchange, which is in line with a theoretical study that predicts the rotation barrier for conformational exchange of carboxyl groups to have a rather high value of ∼11 kcal/mol in aqueous solution.^[@ref29]^

We performed molecular dynamics (MD) simulations to study the intermolecular interactions of the syn and anti conformers of *N*-acetyl aspartic acid amide in water. The MD simulations are done with full atomistic resolution and at the force field level of theory. We ran two MD simulations of aqueous solvated *N*-acetyl aspartic acid amide in the two different planar configurations of the −COOH group, syn and anti. The angles between C--O and O--H are not restrained. Further details on the system preparation and parameters can be found in the [Methods](#sec2){ref-type="other"} section.

From the simulations of both conformers, we obtained density histograms of the hydrogen and oxygen atoms of water molecules closest to the hydrogen and oxygen atoms of the carboxyl group as a function of the hydrogen bond distance and the angle between the hydrogen bond and the corresponding covalent O--H bond ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00711/suppl_file/jz0c00711_si_001.pdf)). We see that in all cases for distances larger than 2.45 Å the angle becomes ill-defined. Thus, we define 2.45 Å as a cutoff distance for hydrogen-bond formation between the carboxyl group and the water molecules.

The radial distribution functions of water oxygens forming a hydrogen bond with the acid hydrogen of the two conformers ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a) show clear differences. We find that the strongly polar OH group of the carboxylic acid donates ∼1.0 hydrogen bond for both conformers. However, the density of water oxygen atoms at a short distance (∼1.8 Å) is about 10% higher for the anti conformer than for the syn conformer. This result shows that the hydrogen bonds donated by the carboxyl group of the anti conformer are shorter and stronger than those of the syn conformer. This finding reflects that the hydroxyl group is more polar for the anti conformer than for the syn conformer, in accordance with earlier theoretical work.^[@ref26],[@ref29]^

![Molecular dynamics simulations of the interaction of the carboxyl group of *N*-acetyl aspartic acid amide in syn and anti conformation with water. (a) Radial density function of the water oxygens closest to the hydrogen atom of the carboxyl group. (b,c) Radial density functions of the water hydrogens closest to the carbonyl (b) and hydroxyl (c) oxygen atoms of the carboxyl group.](jz0c00711_0005){#fig5}

The hydration number of the oxygen atoms is rather different for the two carboxyl group conformers ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b,c). The oxygen atom of the carbonyl group accepts ∼1.7 hydrogen bonds from water molecules for the anti conformer and only ∼1.4 hydrogen bonds for the syn conformer. The same trend is observed for the hydroxyl group: its oxygen atom accepts ∼0.7 hydrogen bond from water molecules for the anti conformer and ∼0.5 hydrogen bond for the syn conformer. The anti conformer is thus much better hydrated than the syn conformer. These differences are captured at the classical level of MD simulations, which means that they are due to exposure and steric effects and not the result of differences in the basicities of the oxygen atoms in the syn and anti conformers. In addition, we found that the average dipole moment of the anti conformer (6.4 D) is larger than that of the syn conformer (5.0 D). This implies that the carboxyl group in anti conformation will have stronger dipole--dipole interactions with surrounding water molecules than the carboxyl group in syn conformation. This effect will enhance the stability and propensity of the anti conformer in aqueous solutions, as has been observed for other molecules.^[@ref30]^

The better hydration and stronger dipole--dipole interactions of the anti conformer explains why we observe this conformer to be significantly present in aqueous solution while it is nearly absent in the gas phase. The 25 ± 10% fraction of anti conformer in aqueous solution suggests a free energy difference between the anti and syn conformer of 0.6 ± 0.3 kcal/mol. This value will also determine the difference in equilibrium constants of chemical reactions involving the carboxyl group such as acid dissociation. We calculate a difference in acidity of syn and anti conformers of Δp*K*~a~ = 0.5 ± 0.3 (see [Methods](#sec2){ref-type="other"} section). Hence, in spite of its better hydration, the anti conformer of the carboxyl group is still more acidic than the syn conformer, which can play an important role in intermolecular interactions and protolytic equilibria inside polypeptide structures. The difference in acidity between the two conformers is much smaller than the Δp*K*~a~ = 4 that was obtained in calculations of the two conformers without any solvent present.^[@ref17],[@ref31],[@ref32]^ This latter value for Δp*K*~a~ is widely accepted in enzyme studies.^[@ref18],[@ref20],[@ref22],[@ref33]^ The energy gap we estimate from our experiment is in fact even smaller than the 1.5--1.7 kcal/mol that has been calculated for acetic acid conformers in aqueous solution.^[@ref29],[@ref34],[@ref35]^ Hence, the anti conformer of the side chain carboxyl group of *N*-acetyl aspartic acid amide is more acidic than the syn conformer, but this difference in acidity could strongly depend on the degree of solvation. Variation of the local environment of the amino acid, that is, within a protein, can thus lead to a strong change of the acidity of the aspartic acid side group.

In summary, we have shown with polarization-resolved two-dimensional infrared spectroscopy that the side chain carboxyl group of *N*-acetyl aspartic acid amide exists in two distinctly different conformations, both in DMSO solution and in aqueous solution. In one of these conformations, the carbonyl stretch vibration has a relatively low frequency of ∼1720 cm^--1^, and the angle between the carbonyl and hydroxyl groups of the carboxylic acid side group amounts to ∼90°. For the other conformer, the carbonyl stretch vibration has a relatively high frequency of ∼1745 cm^--1^, and the angle between the carbonyl and hydroxyl groups of the carboxylic acid side group is ∼35°. In line with earlier work, we assign these conformers to nearly planar syn and anti conformers, where we explain the deviations from the ideal values of 60° (syn) and 0° (anti) from small angle out-of-plane rotations of the hydroxyl and carbonyl groups.

We find that the anti conformer of *N*-acetyl aspartic acid amide has a relative abundance of ∼25%, when dissolved both in DMSO and in water, which is significantly higher than the \<1% observed in gas-phase studies. Molecular dynamics simulations show that the increase of the relative abundance of the anti conformer upon dissolution in water can be explained by the more favorable hydration of this conformer in comparison to the syn conformer. The lower relative abundance of the anti conformer in comparison to the syn conformer implies that this conformer is more acidic in water than the syn conformer, corresponding to a Δp*K*~a~ of 0.5 ± 0.3. The acid dissociation is only one example of the chemical properties of the carboxyl group that depend on the molecular conformation. Hence, the fact that both the syn and the anti conformers are present under biological conditions must be carefully taken into account when studying biochemical processes of polypeptides.

Methods {#sec2}
=======

Sample Preparation {#sec2.1}
------------------

*N*-Acetyl aspartic acid amide (\>95%, Enamine Ltd.) was dissolved in either deuterated dimethyl sulfoxide (DMSO-*d*~6~, anhydrous, 99.8% D, Sigma-Aldrich) or in ultrapure water to reach the desired concentration. For the infrared absorption measurements (Bruker Vertex 80v FTIR spectrometer) and the two-dimensional infrared experiments, the solution was held between two calcium fluoride windows separated by a PTFE spacer of 10--50 μm thickness.

2DIR Experiments {#sec2.2}
----------------

We excite the carbonyl (C=O) vibration with an intense femtosecond mid-infrared pulse, and we probe the vibrational response of the hydroxyl (O--H) vibration with a delayed weak mid-infrared pulse. The excitation of the carbonyl vibration will affect the response of the hydroxyl vibration of the same carboxyl group resulting in a transient absorption change that is denoted as a cross-peak. Due to the extremely broad response of the acidic OH groups, an additional isotropic background signal appears, which we account for with a sloping line. By resolving the cross-peak along the excitation frequency, we identify different conformers of the carboxyl group. By measuring the cross-peak signal in both parallel and perpendicular polarization configuration of the excitation and probing pulses, we determine the angle between the transition dipole moments of the hydroxyl and carbonyl vibrations (indicated with blue and red arrows in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Additionally, degenerate 2DIR experiments exciting and probing carbonyl vibrations are performed to determine the relative populations of the different conformers.^[@ref14]^ The 2DIR signal is proportional to σ^2^*C*, where σ is the vibrational cross-section and *C* is the concentration, while the linear absorption signal is proportional to σ*C*. From the comparison of the linear absorption and the 2D-IR spectra, we can determine the values of the concentration *C* and cross-section σ of the syn and anti conformers and thereby determine their molar ratio, *x*~syn~/*x*~anti~. We calculate the free energy difference, Δ*G*, for the two conformers as Δ*G* = *k*~B~*T* ln(*x*~syn~/*x*~anti~). Using Δ*G*, we determine the difference in acidity equilibrium constant: Δp*K*~a~ = Δ*G*/(*k*~B~*T* ln 10).

The details of our 2DIR setup can be found in the literature.^[@ref36]^ In brief, we produced the pump and probe pulse by two independently tunable optical parametric amplifiers pumped by the 800 nm output of a Ti:sapphire regenerative amplifier. A Mach--Zehnder interferometer was used to generate the pump pulse pair (∼100 fs, 5 μJ per pulse), which was subsequently focused in the sample to excite the carbonyl vibrations. This excitation induces transient absorption changes that are detected with a weak (0.35 μJ) single femtosecond probe pulse that is overlapped with the pump pulse in the sample and delayed by a time *T*~w~. In all experiments, the excitation pulses are centered at 1730 cm^--1^ with a bandwidth of 200 cm^--1^, in resonance with the carbonyl vibrations. The probe pulse was centered at 2650 cm^--1^ to measure the response of the O--H stretch vibrations in dimethyl sulfoxide and water or at 1730 cm^--1^ to measure the response of C=O stretch vibrations. The polarization of probe pulse was rotated at 45° with respect to the pump by a half-wave plate. After the sample the probe was split, and the parallel and perpendicular polarization components were dispersed by a monochromator and measured simultaneously by two arrays of a mercury--cadmium--telluride (MCT) detector; the third array of the detector was used to measure the reference pulse to account for pulse-to-pulse fluctuations. The signal at each pixel was measured while scanning the delay time between the two pump pulses and then Fourier transformed to obtain dependence of the 2DIR signal on the pump frequency. As a result, we obtain the 2DIR transient absorption signal plotted as a function of pump and probe frequencies detected in parallel and perpendicular polarization configurations.

Molecular Dynamics Simulations {#sec2.3}
------------------------------

The *N*-acetyl aspartic acid amide molecule is generated with the AmberTools18 xleap module^[@ref37]^ and prepared with GROMACS 5.1.4.^[@ref38]^ It is treated with the CHARMM27 force field^[@ref39]^ and placed in cubic box of 2.7 × 2.7 × 2.7 nm^3^ containing a density of 1000 g/L water molecules, which are treated with the TIP3P force field.^[@ref40]^ No counterions are added. The used parameters of *N*-acetyl aspartic acid amide (CHARMM27^[@ref39]^) and water (TIP3P^[@ref40]^) are chosen to be software-recommended and tested for protein structure.^[@ref41]^ We perform energy minimization followed by a 100 ns equilibration in an NPT (constant number of particles, pressure, and temperature) ensemble with the CSVR (canonical sampling through velocity rescaling) thermostat^[@ref42]^ set to 300 K with a time constant of 0.1 ps and the Parrinello--Rahman barostat^[@ref43]^ set to 1.0 bar with a time constant of 1.0 ps. The MD time step size is 2.0 fs. We then initiate two new 100 ns runs, one in the syn and another one in the anti conformation. The O--C--O--H dihedral angle cosine was harmonically restrained to 1.0 (syn) or −1.0 (anti) with a force constant of 50 kcal/mol. Removing this restraint did not have an effect on the radial distribution functions or hydrogen-bond distances and hydrogen-bond coordination for the syn conformer, but for the anti conformer this restraint is needed to maintain its conformation during the long simulation time interval. Analysis is done with PLUMED 2.3.0^[@ref44]^ and VMD 1.9.4a12.^[@ref45]^ We take the last 50 ns of these runs, with data points every 2 ps, for analysis. The number of hydrogen bonds for the carboxyl group hydrogen and the two oxygens is calculated simply by counting the number of hydrogen--acceptor pairs within the cutoff distance (2.45 Å  as determined from [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00711/suppl_file/jz0c00711_si_001.pdf)) and averaging.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00711](https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00711?goto=supporting-info).Infrared absorption spectra of *N*-acetyl aspartic acid amide in water and DMSO, cross-peak 2DIR spectra of *N*-acetyl leucine and *N*-acetyl phenylalanine in DMSO, degenerate 2DIR spectrum of *N*-acetyl aspartic acid amide in DMSO, and density histograms of the water oxygen and hydrogen atoms in the vicinity of the carboxyl group of *N*-acetyl aspartic acid amide ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00711/suppl_file/jz0c00711_si_001.pdf))
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